A cetaminophen (N-acetyl-paminophenol [APAP] ) is a commonly used analgesic and antipyretic agent, which is generally safe at recommended therapeutic doses. Overdosing may result in acute liver failure (ALF) however, and thus constitutes a serious public health concern, notably in children (1, 2) . Data from the United States suggest that up to 50% of all pediatric patients experiencing ALF die or require liver transplantation (3) .
Most of a single dose (Ͼ90%) of APAP is metabolized to nontoxic metabolites by glucuronidation or sulfation. Approximately 5% of a therapeutic dose is metabolized to N-acetyl-p-benzoquinone by cytochrome (CYP) 450, CYP2E1 (to a lesser extent by CYP1A2 or CYP3A4) (4, 5) . N-acetyl-p-benzoquinone is rapidly detoxified by interaction with glutathione to form cysteine and mercapturic acid conjugates. When glutathione is depleted, N-acetyl-p-benzoquinone binds to cysteine groups on protein, forming APAP-CYS adducts. Adduct formation correlates with toxicity in experimental models of APAP toxicity and in APAP overdose patients (6, 7) . Recently, quantitative assessment of APAP adduct concentrations in patient sera has been shown to be a highly sensitive and specific biomarker of suspected APAP toxicity, even in the absence of toxic APAP blood concentrations (8 -10) .
We describe two children with underlying myopathies who developed ALF after having received therapeutic doses of APAP. Furthermore, we report the use of adduct measurements in these patients, so as to raise clinicians' awareness of therapeutic doses of APAP as a possible cause of ALF in children with myopathies.
PATIENTS AND METHODS

Patients
Two patients admitted to the Erasmus MC-Sophia Children's Hospital in Rotterdam, The Netherlands developed ALF, as defined by the Pediatric Acute Liver Failure Study Group (3). The Institutional Review Board of the Erasmus MC Sophia Children's Hospital approved of this study and waived the need for informed consent. Plasma aspartate aminotransferase and APAP levels in relation to APAP dosing are shown in Figures 1  and 2 Liver function tests at preoperative screening were normal. Postoperative analgesics consisted of hydromorphine, diclofenac, and APAP rectally (69 nmol/mL for 4 days).
Three days postoperatively, the patient developed a hematothorax. Preprocedure screening by anesthesiology showed increased hepatic transaminases that were more than two times above normal values. A chest drain and central venous catheter were placed under general anesthesia after a difficult intubation.
Ventilatory support was continued after the procedure under propofol sedation (2.5 mg/ kg/hr for 17 hrs). Propofol and APAP were discontinued after laboratory findings showed liver injury (Fig. 1) . The patient ultimately developed ALF with encephalopathy and required prolonged ventilatory support. N-acetylcysteine (150 mg/kg bolus intravenously in 15 mins, followed by 50 mg/kg dose intravenously every 4 hrs for 17 doses) was started on day 4. The ALF resolved with supportive measures; on day 6 she was extubated, and on day 8 she was transferred to the referring hospital.
Patient 2. A 17-yr-old, 55-kg girl with congenital muscular dystrophy, carnitine deficiency, and home ventilator dependency was admitted to the intensive care unit due to respiratory insufficiency and pneumonia. Liver function tests obtained at the last regular outpatient clinic visit were normal. Initially, pneumonia was treated with amoxicillin-clavulanic acid. When the clinical signs did not improve, antibiotics were switched to cefuroxime, in addition to clarithromycin. She received APAP rectal as needed (on average 40 nmol/mL/day, max 90 nmol/mL/day). On day 10, tracheotomy, under propofol, fentanyl, and rocuronium, was performed and invasive ventilation was initiated. On day 11, she developed icterus, abdominal pain, nausea, and vomiting. Liver tests showed ALF (Fig. 1) . Acetaminophen was discontinued immediately and N-acetylcysteine was started (150 mg/kg bolus intravenously in 15 mins, followed by a 50 mg/kg dose intravenously every 4 hrs for 17 doses). Despite supportive therapy, she developed multiple organ failure with severe hypotension and died of refractory shock on day 14.
Laboratory Analysis
Serum samples (0.5 mL) were obtained and stored at Ϫ80°C until analysis. APAP protein adducts in serum were quantified by means of a previously reported assay for determination of APAP protein adducts (APAP-CYS) in serum (8, 10) .
Literature Search
We performed a literature search by using PubMed and Embase databases from inception to July 2010. We used the following search terms: ([acetaminophen OR paracetamol] AND [myopathy OR muscle dystrophy]). The papers were evaluated by two authors (IC, SNW) for relevance. Literature references of identified papers were checked for additional references.
To determine "recommended" dosage of APAP, we used the Dutch national formulary (http://www.fk.cvz.nl, accessed July 6, 2010) and the Dutch national pediatric formulary (http://www.kinderformularium.nl; accessed July 6, 2010). For adults, the recommended oral dose is 4 g/day (2.5 g/day for chronic use). 
Causality Assessment
The causality assessment of our cases was based on the standard liver-specific Council for International Organizations of Medical Sciences/Roussel Uclaf Causality Assessment Method (RUCAM) scale for drug-induced liver injury (11) . The RUCAM consensus was developed in 1993, based on international consensus meeting with hepatology and pharmacovigilance experts. The method has a high reproducibility and validity for drug-induced liver injuries (11, 12) . The method was validated by using reported cases with positive rechallenge. Despite the shortcomings of all existing causality assessment scales, we chose this scale because it appears the best-validated scale to date (13) . The RUCAM is based on seven components including time to onset and clinical course of the reactions, risk factors, concomitant drugs, screening for other causes, previous information of hepatotoxicity of the drugs, and response to readministration, toxic concentration, or validated laboratory test. To determine whether concomitantly prescribed drugs were potential hepatotoxins, we searched the Dutch National Formulary for serious hepatotoxicity listed as reported adverse event. Theoretically, the scale has a range from Ϫ9 to ϩ15, but in reality only scores between Ϫ5 and ϩ13 are found. The classification of the degrees of drug-induced liver injury diagnosis was as follows: score Ͻ0, "relationship excluded"; 1-2, "unlikely"; 3-5, "possible"; 6 -8, "probable"; and above 8, "highly probable."
RESULTS
APAP Protein Adduct Levels. The serum APAP protein adduct levels for our two cases were consistent with the values previously reported in children with acute liver injury following APAP overdose ( Fig. 2) (9) . Previous receiver operator curve analysis determined that APAP protein adduct levels in serum of Ͼ1.1 nmol/mL had a sensitivity of 96.8% and a specificity of 95% for patients with alanine aminotransferase (ALT) values Ͼ1000 units/L (10) .
Literature Search and Personal Communication. Of the 98 papers retrieved by using the predefined search terms, only one was of interest. This report described two adult patients with muscular dystrophies who developed ALF after receiving APAP (3 nmol/mL and 4 nmol/mL, daily, respectively) for treatment of pulmonary infections associated with end-stage neuromuscular respiratory failure (14) . A second report was identified, from reference list search, in which a 12-yr-old patient with Duchenne's muscular dystrophy developed hepatotoxicity in association with doses of APAP ranging from 70 to 108 nmol/mL/day that were administered after posterior spinal fusion surgery (15) . These three patients had full recovery after APAP was discontinued and supportive care and N-acetylcysteine treatment were initiated.
In addition to the three previously reported cases of APAP toxicity in patients with existing muscular disorders described in the literature, we identified another child with a myopathy who developed ALF requiring liver transplantation after the use of recommended doses of APAP (S. Ito, personal communication). This 12-yr-old, 60-kg boy with spinal muscular atrophy type II underwent spinal fusion surgery for scoliosis repair and received on average APAP 23 mg/kg/ day for 5 days. The highest measured APAP level was 248 mg/L for this patient but APAP protein adduct analysis was not performed.
Causality Assessment. Using the RUCAM scale, we found a probable relationship between APAP and ALF for both patients (RUCAM ϩ6 and ϩ8 for patients 1 and 2, respectively). Based on the criteria of the RUCAM, both patients developed acute liver injury (ALT Ͼ2 times normal values ϭ ALT 872 units/L and 4173 units/L, respectively). The time to onset was compatible for patient 1 (Ͻ5 days from onset of drug and Ͻ15 days after cessation) and highly suggestive (5-90 days from onset of drug and Ͻ15 days after cessation) for patient 2. For patient 1, the course of reaction was highly suggestive as ALT levels decreased Ͼ50% within 8 days. The course of the reaction was inconclusive for patient 2, because the patient died within 2 days of liver failure and ALT levels did not decrease Ͻ50% in that time window. There were no known risk factors (age Ͼ55 yr, ethanol use, or pregnancy) for either patient. Other drugs with compatible time of onset and known hepatotoxins were sevoflurane for patient 1 and clarithromycin and amoxicillin-clavulanic acid for patient 2. We ruled out hepatitis, biliary obstruction, alcoholism, and acute hypotension episode as nondrug causes. Abdominal ultrasound excluded biliary obstruction. Inspection of surgery and intensive care unit charts did not reveal hypovolemic episodes. We could not rule out ALF as a complication of myopathy for either patient. The specific drug reaction in this context (therapeutic dose in myopathy patients) has been published in this context but is unlabeled. A validated test (APAP protein adducts) was positive for both patients. When we also applied RU-CAM for the other potential hepatotoxic drugs, we found a possible relationship (RUCAM ϩ4) between each drug and ALF.
DISCUSSION
Overall, the available data involving six patients (two clinical cases, three in the literature, and one personal communication) with underlying myopathies and the development of ALF following the administration of manufacturer recommended doses of APAP suggest that some of these individuals may have increased susceptibility to APAP. This in an interesting finding in the light of a recent meeting held by the U.S. Food and Drug Administration to address the public health problem of liver injury related to the use of acetaminophen in both over-the-counter and prescription products. The risk to the individual patient of developing liver injury after use of APAP at doses recommended by the manufacturer is very low. However, the agency recognizes that acetaminophen-containing products are used extensively, making the absolute number of liver injury cases a public health concern (16) . The cases reported herein may represent a specific patient population at risk for ALF with the use of doses of APAP recommended by the manufacturer. Our findings suggest that inter-individual variations in the metabolism of APAP may predispose certain subpopulations of patients to a higher risk for developing this serious adverse event (1) .
Although APAP levels in our two patients were below the reported toxic range (Fig. 2) , the probability that ALF was APAP induced is supported by the high levels of APAP protein adduct levels in both patients. Earlier studies reported a range of levels of APAP protein adducts in serum between 1 and 40 nmol/mL in patients with acute APAP overdose (9, 10) . In addition, strong correlations were noted between peak adduct measurements and peak aspartate aminotransferase and ALT values (9, 10) . Although adducts have been detected in healthy adult volunteers receiving a 7-day course of APAP at 4 nmol/mL/day, the mean maximum plasma concentration for adducts in serum was 0.3 nmol/mL (17) . Of importance, no adducts were observed in control patients who received placebo. Thus, the high levels of adducts in the two patients reported herein suggest a causal relationship between APAP consumption and the development of ALF. To the best of our knowledge, this is the first time that APAP protein adduct measurements were used in clinical care to assess the role of recommended APAP doses in the development of ALF.
Although we found a probable association between APAP exposure and ALF in our two patients, we cannot exclude that other drugs also contributed to the liver failure. Patient 1 received sevoflurane twice, first during scoliosis surgery and next during chest tube and central venous catheter placement. Although sevoflurane is generally considered safe in comparison with other halogenated anesthetics, cases in the literature suggest that sevoflurane can lead to severe lifethreatening hepatic necrosis in at-risk individuals (18) . For patient 2, we identified amoxicillin-clavulanic acid and clarithromycin as possible other serious hepatotoxins.
For both of these drugs, serious hepatic failure has been reported rarely, most often in patients with serious underlying disease or in combination with other drugs. In addition, both patients received propofol, which has been associated with propofol transfusion syndrome. The limited doses and durations of treatment with propofol (2.5 mg/kg/hr for 17 hrs and 6 mg/kg/hr for 2 hrs, respectively) were less than that previously associated with the development of propofol infusion syndrome (19) . In addition, the most striking symptoms of propofol transfusion syndrome, i.e., cardiac failure combined with lipemic plasma, fatty liver enlargement, metabolic acidosis with negative base excess Ͼ10 mmol/L, rhabdomyolysis, or myoglobinuria were not present in our patients (19) .
Despite the fact that we cannot exclude a possible role of other drugs in the development of ALF, the causality between APAP and ALF appears more probable in our patients, as supported by the high APAP adduct levels.
The underlying mechanism in the development of APAP toxicity in patients with myopathies is unknown. Glutathione depletion and increased CYP2E1 activity in relation to relative malnutrition may contribute to increased APAP toxicity (20, 21) . Although both our patients had age-adequate weights, an undernourished status may have been present (22, 23) . Second, as critically ill patients often receive multiple drugs concurrently, drug interactions at the level of APAP metabolism, e.g., induction of CYP2E1 or inhibition of alternative pathways, may contribute to increased APAP toxicity in this setting (24 -26) . Patient 2 also received clarithromycin, which is a CYP450 3A substrate and inhibitor (27) . Theoretically, it may change metabolic disposition of acetaminophen by blocking its CYP3A-metabolic pathway, resulting in higher compensatory CYP2E1 metabolism, which in turn may increase the risk of APAP-induced liver injury. However, as the main metabolic pathways of acetaminophen are sulfation and glucuronidation, we do not expect a significant effect of CYP3A inhibition on the formation of APAP adducts (4, 5) . In addition, we could not find reports of clarithromycin and acetaminophen interaction in the literature. To our knowledge, our patients did not receive any drugs, in addition to clarithromycin, that are known to interact with the metabolism of APAP. Third, inflammation has been shown to play a role in the mediation of APAP toxicity in experimental models, but its relevance to the underlying muscular disorders in these children is unclear (28) .
In addition, the adduction of mitochondrial proteins appears to trigger mitochondrial dysfunction (29) and may contribute to the development of liver cell death after APAP exposure (30) . The 12-yr-old patient referenced above (S. Ito, personal communication) showed clinical signs and symptoms of severe mitochondrial derangement, including ALF. This patient ultimately required emergency liver transplantation. L-carnitine in APAP-induced liver failure, suggesting that the patient's underlying disease may have been a risk factor for drug mediated liver failure (31) . In addition, a recent report found that patients with myopathies have evidence of increased oxidative stress in cells isolated from peripheral blood (32) . Oxidative stress is a known mechanism in the pathogenesis of APAP toxicity in laboratory mice (33) . Thus, further study is needed to understand the relative role and contribution of mitochondrial derangement and antioxidant status in patients with myopathies because these mechanisms may have relevance to understanding the potential for increased sensitivity to APAP.
CONCLUSION
Our data suggest that some children with myopathies receiving recommended doses of APAP may be at increased risk for the development of toxicity resulting in ALF. Despite a possible relationship between therapeutic APAP use and ALF in myopathic patients, we do not recommend dose adjustment of APAP at this time. Further research is needed to validate our findings and to reveal the underlying mechanisms, underlying the interactions between myopathy and potential sensitivity to APAP toxicity.
In the meantime, we would advise physicians to be alert in these patients while taking APAP, especially when critically ill or postoperative.
